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2 Tel.: +44 (0) 2076 792580 (O).Weather conditions may signiﬁcantly impact a series of everyday human decisions and activities. As a
result, engineers seek to integrate weather-related data into trafﬁc operations in order to improve the
current state of practice. Travel times and speeds are two of the elements of a transportation system that
may be greatly affected by the weather resulting in deterioration of roadway network performance. This
study aims to investigate the impact of different intensities of rain, snow and temperature levels on mac-
roscopic travel times in the Greater London area (UK) during the period 1 October–10 December 2009.
The analysis was carried out for three 2-h periods on weekdays during the morning, afternoon and even-
ing periods. Automatic Number Plate Recognition (ANPR) data obtained from more than 380 travel links
are used in the analysis. The main ﬁnding is that the impact of rain and snow is a function of their inten-
sity. Speciﬁcally, the ranges of the total travel time increase due to light, moderate and heavy rain are:
0.1–2.1%, 1.5–3.8%, and 4.0–6.0% respectively. Light snow results in travel time increases of 5.5–7.6%,
whilst heavy snow causes the highest percentage delays spanning from 7.4% to 11.4%. Temperature
has nearly negligible effects on travel times. It was also found that the longer links within outer London
generally yield greater travel time decreases than those in inner London, and even higher decreases than
the shortest links in central London. This research provides planners with additional information that can
be used in trafﬁc management to modify planning decisions and improve the transportation system con-
trol on a network scale under different weather conditions. In order to determine whether the weather
effects are region-speciﬁc, continued research is needed to replicate this study in other areas that exhibit
different characteristics.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Travel times and speeds are two trafﬁc parameters of a trans-
portation system that may be greatly affected by the weather,
resulting in deterioration of a network’s performance (Koetse and
Rietveld, 2007). Especially inclement weather conditions may re-
sult in substantial reductions of roadway capacities and thus, oper-
ating speeds (Martin et al., 2000; Koetse and Rietveld, 2009).
Additionally, trafﬁc demand may be largely affected by the weath-
er, since the latter has a considerable impact on a series of human
decisions such as transport modal choice, trip distribution, trip
cancellation or postponement; altering roadway users’ valuation
of actual transport costs and travel times (Koetse and Rietveld,
2007, 2009).
Considering the signiﬁcant impact of weather conditions on the
transportation system and its performance, engineers are seeking
to integrate weather-related data into trafﬁc operations in orderll rights reserved.
is), tao.cheng@ucl.ac.uk (T.to improve the current state of practice. Agarwal et al. (2005)
states in his report that ‘‘nearly all trafﬁc engineering guidance
and methods used to estimate highway capacity assume clear
weather. However, for many northern states, inclement weather
conditions occur during a signiﬁcant portion of the year’’. For
example, the Highway Capacity Manual (HCM) (TRB, 2000) sug-
gests that free-ﬂow speed on freeways is reduced by 9.7 km/h un-
der light rainfall and by 19.3 km/h in heavy rain, without,
nonetheless, explicitly deﬁning rain intensity ranges. Potential
incorporation of weather information into guidelines prerequisites
a thorough understanding of how trafﬁc conditions vary both spa-
tially and temporally under different weather conditions. The sep-
arate analysis and exploration of the effects of different weather
conditions on every urban or rural transport network is essential
for local authorities to better understand the network’s perfor-
mance (Smith et al., 2004; Koetse and Rietveld, 2009). This task
is of some importance taking into consideration the substantial
variability among past research results that mainly depend on
the target area, geometric, trafﬁc and drivers’ characteristics, socio-
economic factors, the roadway functional class, the season of the
year and the climate of the examined region (Smith et al., 2004;
Wang et al., 2006; Koetse and Rietveld, 2007).
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(TRB, 2000; Smith et al., 2004; Maze et al., 2005; Hranac et al.,
2006; Wang et al., 2006) by affecting congestion and travel times;
however, the reported speed reductions vary considerably. The
estimated range of speed decrease due to light rain is roughly 2–
10%. Ibrahim and Hall (1994) stated that light rain caused a drop
in free-ﬂow speeds of 5–10 km/h at two sites in Mississauga (On-
tario), while Hranac et al. (2006) estimated free-ﬂow speed and
speed-at-capacity decreases of 2–3.6% and 8–10% respectively in
Baltimore, Twin Cities, and Seattle. Unrau and Andrey (2006) found
that speed dropped by approximately 10% on an urban expressway
in Toronto (Canada) during daytime uncongested conditions and
light rain.
The corresponding drop in travel time attributed to heavy rain
is generally higher and ranges between 4% and 20%. For instance,
Stern et al. (2003) examined several roadway segments in Wash-
ington DC resulting in an average travel time increase of 14% dur-
ing adverse weather conditions, while 17% of the examined cases
yielded travel time increases greater than 20%. Agarwal et al.
(2005) estimated freeway speed decreases of 4–7% during heavy
rain (6.35 mm/h) for an area in the Twin Cities, Minnesota. Wang
et al. (2006) examined an urban area in Nagoya City (Japan) con-
cluding that an average speed decline of 6.03 km/h occurred during
heavy rain and also the size of the weather effects was highly con-
tingent with roadway characteristics, such as roadway class and
number of lanes. Smith et al. (2004) indicated that light and heavy
rain yield statistically different speeds when compared to ‘no rain’
conditions, but unlike other studies, there was no statistical evi-
dence of that difference.
Likewise, a common ﬁnding on a global scale is that snow has
the worst impact and diverse effects on travel times. Ibrahim and
Hall (1994) estimated drops in free-ﬂow speeds ranging 38–
60 km/h, while Kyte et al. (2001) reported speed declines due to
snow by up to 16 km/h. Agarwal et al. (2005) estimated speed de-
creases of 11–15% under heavy snow conditions (>12.7 mm/h) and
Maze et al. (2005) corresponding decreases of 4–13%. In 2006, Hra-
nac et al. showed that speed decreases during light snowfall from
5% to 16%, whilst heavy snow caused reductions spanning from 5%
to 19%. Sabir et al. (2008) found that snow has a negative impact on
speeds of approximately 7%. The previous ﬁndings explain the
diversity in spatio-temporal weather effects on travel speeds.
Although the estimates amongst studies are difﬁcult to compare
in magnitude, the impact of rain and especially snow on trafﬁc
speed at congested links during rush hours appear to be signiﬁcant
(Knapp et al., 2000; Sabir et al., 2008). Additional insights into the
magnitude of weather impact on network travel times are neces-
sary in order to make more accurate assessments and provide
additional information to trafﬁc managers (Agarwal et al., 2005;
Koetse and Rietveld, 2009).
This task was particularly challenging in the past due to the lack
of weather and trafﬁc data of high spatial granularity (Sabir et al.,
2008). Older studies (Botha and Kruse, 1992; Parsonson, 1992) were
highly based on manual trafﬁc counts and weather data that were
obtained from a limited number of weather stations. Numerous
subsequent studies utilised data from single or dual loop detectors
and automatic trafﬁc counters (Kyte et al., 2001; Smith et al., 2004;
Hranac et al., 2006; Unrau and Andrey, 2006; Hablas, 2007). Pres-
ently, the technological advancements in data collection and man-
agement, infrastructure, software and hardware, as well as the
extensive application of Intelligent Transportation Systems (ITS)
can facilitate such analyses by broadening the target areas.
In addition to the above, the temporal resolution of the data has
substantially improved in the last two decades. The review of past
studies reveals that the granularity of both weather and trafﬁc data
typically ranges between 5 min to a few hours (Ibrahim and Hall,
1994; Hablas, 2007). Bluetooth, cell phone and GPS devices haveattracted signiﬁcant attention over the last years providing travel
time and/or speed data on a per second interval or even less (Wang
et al., 2006). Similarly, recent meteorological studies that examine
weather satellite and radar technologies, have substantially im-
proved the data granularity at the level of some seconds (Heinsel-
man and Torres, 2011; Sutherland-Stacey et al., 2011); yet their
utilisation in the transport ﬁeld remains somewhat limited.
This paper attempts to address some of the shortcomings derived
from the literature. One of the main limitations is that a large quan-
tity of studies focuses on a limited number of routes or roadway seg-
ments, mainly due to a lack of data (Ibrahim and Hall, 1994). Limited
research examines the performance of a transportation network at a
state, city or even trip level (Sabir et al., 2008). Potential generaliza-
tions of the ﬁndings stemming from a roadway-level analysis would
have to consider roadway characteristics and other contextual fac-
tors. On the contrary, transportation management agencies would
beneﬁt more from knowing the effects of the weather on the trans-
portation network of greater geographical regions (e.g. central, inner
and outer London). This may be better understood by reckoning that
planning decisions and trafﬁc control modiﬁcations are usually
being applied within or on the periphery of large areas in urban sys-
tems (e.g. London) rather than on individual links.
Another drawback is that the majority of the research works en-
gage with uncongested and/or rural freeways and expressways
(Smith et al., 2004; Agarwal et al., 2005; Maze et al., 2005; Wang
et al., 2006). It is worth stating that the quantiﬁcation of weather ef-
fects on urban travel times poses many challenges. Urban links are
usually shorter in length than rural roads, they exhibit lower oper-
ating speeds and carry more interrupted trafﬁc due to pedestrian
crossings and signalised intersections. However, the outcomes of a
macroscopic study that focuses on a large urban area consisting of
several travel links may offset the previous constraints. It may also
provide valuable information to practitioners about the network’s
behaviour and not solely about links that carry a small percentage
of the network’s trafﬁc. Furthermore, a large number of studies fo-
cus on extreme weather conditions (Botha and Kruse, 1992; Parson-
son, 1992; Ibrahim and Hall, 1994; Bernardin et al., 1995, Hofmann
and O’Mahony, 2005; Hablas, 2007; Martin et al., 2000; Koetse and
Rietveld, 2009). This research differs from previous works on the
consideration of different intensities of precipitation, snow and
temperature levels, rather than simply examining the presence or
absence of inclement weather conditions. Also, very few studies
have looked at regional differences associated with inclement
weather impacts on free-ﬂow speeds (Hablas, 2007). Finally, the ef-
fects of weather variability on travel times or speeds have not been
documented to a large extent, especially when compared to numer-
ous studies dealing with the impact on trafﬁc ﬂows (Hanbali and
Kuemmel, 1993; Al Hassan and Barker, 1999; Parry, 2000; Smith
et al., 2004; Keay and Simmonds, 2005), and accidents’ frequency
and severity (Welch et al., 1970; McDonald, 1984; Stern and Zehavi,
1990; Maycock, 1995; Edwards, 1996; Andrey et al., 2003; Eisen-
berg, 2004; Shankar et al., 2004; Hermans et al., 2006).
1.1. Purpose and objectives
The goal of this study is to investigate how precipitation, snow
and temperature affect macroscopic urban travel times in the
Greater London area, UK. The ﬁrst objective is to examine spatio-
temporal correlations of rainfall data. The results of this prelimin-
ary analysis serve as the basis for the selection of the examined tra-
vel links that form larger regions around each weather station. The
second focus is to compare the effects of different intensities of
rain, snow and temperature levels on travel times, during the
morning, noon and evening period. The exploration of how the
above impact varies among central, inner and outer London consti-
tutes the third target. Finally, the results of the preceding analysis
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objective of the study.
The remainder of the paper is organised as follows. The study
data (trafﬁc and weather data) are presented in the second section,
while the methodology of the study, including the results of the
preliminary analysis and the performance measurements used,
are provided in Section 3. The results of the analysis are presented
and discussed in the fourth section, while conclusions are drawn in
Section 5.
2. Study data
2.1. Trafﬁc DATA
The trafﬁc data used in the study are provided by the Transport
for London (TfL) and were collected from Automatic Number Plate
Recognition (ANPR) cameras that cover a signiﬁcant part of Lon-
don’s transportation network (Fig. 1). The study period spans from
1 October 2009 to 10 December 2009.
The individual travel time of a vehicle within a link is estimated
using two ANPR cameras that are installed on the start and the end
node of the link. The cameras record the entrance and the exit time
of a vehicle by matching its number plates at the two nodes. An
average Link Travel Time3 (LTTi,t) is then calculated for every link i
and 5-min interval t, as a simple average of the individual travel
times of those vehicles that travelled along the link i during the
examined time interval t:
LTTi;t ¼ 1mi;t
Xmi;t
r¼1
ðTTr;i;tÞ ð1Þ
where LTTi,t = link travel time (s) of link i during the time interval t;
TTr,i,t = individual travel time (s) of vehicle r along the link i (from
the start to the end node) during the time interval t; mi,t = number
of vehicles that travelled along the link i during the examined time
interval t.
The initial data set includes more than 950 links allowing not
only for examination of a limited number of roadways, but of large
areas of the network that consist of multiple links.
2.2. Meteorological data
Hourly weather data, collected during the aforementioned
study period from seven weather stations in the Greater London
Area (Fig. 1), were obtained from the Met Ofﬁce through the British
Atmospheric Data Centre (BADC). Two of the stations are located in
central London, one in inner, and four stations in outer London. The
data set includes three variables: precipitation, snow, and temper-
ature. Holidays (e.g. Christmas period) or days with unusual travel
patterns due to special events were excluded from the analysis.
The ANPR weekday data were properly aggregated so as to match
the hourly intervals of the weather data set.
3. Methodology
3.1. Selection of links
The ﬁrst step of the study includes a correlation analysis that
aims to investigate how precipitation levels vary over distance,
as well as for different aggregations of the data. The rationale be-
hind this preliminary analysis relies on the assumption that rainfall
is a local phenomenon in London that may signiﬁcantly vary be-
tween two adjacent regions. A correlation coefﬁcient is calculated3 The analysis was also conducted using average Link Travel Speeds (LTSi,t) or
space-mean speeds; however, the results remain approximately the same.for every pair of stations located at different distances (D) for four
data aggregation levels: 1 h, 12 h, 24 h and 1 month. Fig. 2 shows
the results of the analysis along with the R2 of four linear lines, ﬁt-
ted to the data points of each aggregation level.
It is apparent from Fig. 2 that the longer the distance between
two stations, the weaker the relationship of their precipitation
data. However, the rate of the correlation decrease is substantial
for the hourly data set (q < 0.5 for D > 35 km) but non-signiﬁcant
for the aggregated data (q > 0.8 for 0 < D < 35 km). This can be also
interpreted through the decrease in R2 as the data is further
aggregated.
Taking into account previous research ﬁndings (Smith et al.,
2004; Maze et al., 2005; Hranac et al., 2006; Koetse and Rietveld,
2007), which indicate that precipitation is one of the most inﬂuen-
tial weather factors on trafﬁc speeds, the results from Fig. 2 can be
used to deﬁne areas for examination around each station. In order
to better understand how rainfall affects network travel times, the
hourly data set is used to conduct the main analysis. Aggregated
data sets will not provide an insight into the impact of such
short-term phenomena on travel times, since the latter may con-
siderably vary within a short-period of time. Based on the above
statements and in sake of precision, a distance D of 3 km is selected
as the radius of the buffer area to be examined around each station.
This distance is in line with past research (Agarwal et al., 2005) and
corresponds to a ‘strong’ correlation coefﬁcient that ranges from
0.8 to 1.0. Table 1 presents the characteristics of the selected travel
links per station and Fig. 1 illustrates them on London’s transpor-
tation network.
The links with a length of 50% or more falling within a buffer re-
gion are considered for examination. Station 726, located in the
Kenley Airﬁeld area, is excluded from the analysis, since none of
the network links fall within its buffer area. It is worth noting that
central London has, on average, the shortest links, followed by in-
ner and outer London (Table 1).3.2. Performance measurements
In contrast to past studies (Ibrahim and Hall, 1994; Martin et al.,
2000; Kyte et al., 2001; Hranac et al., 2006; Unrau and Andrey,
2006; Tu et al., 2007), the target area is not focused on speciﬁc
links; hence, there is a need to develop measurements that express
the roadway performance at the network level. The total travel
time (TTT) of each examined area is estimated as a weighted sum
of individual link travel times, as shown in the following equation:
TTT ¼
Pn
i¼1ðLTTi  li  ADTiÞPn
i¼1ðli  ADTiÞ
ð2Þ
where TTT = total travel time, LTTi = link travel time of link i, li = -
length of link i, ADTi = average daily trafﬁc ﬂow, and n = number
of links.
The length and the average daily trafﬁc (ADT) of each link are
used as weights to adjust the links’ contribution to the total travel
time. Manual daily counts conducted by the Department for Trans-
portation (DfT) are used to represent the ADT of each link. The
analysis is carried out only for weekdays due to their bimodal tra-
vel patterns that are substantially different than the single-peak
weekend trends.
In order to determine the effects of the weather conditions on
the transportation system, the TTTs under base conditions are com-
pared against the corresponding travel times during different
intensities of rain, snow and low temperatures. The base condi-
tions represent ‘dry pavement’ resulting from good weather condi-
tions and occur when there is no rain or snow, and the temperature
is greater than 10 C.
Fig. 1. Weather stations and travel links selected for the main analysis.
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ent intensities of rain, snow, and temperature levels. For instance,
Maze et al. (2005) stated that ‘clearly, intensity of precipitation
matters’, Smith et al. (2004) reports that ‘the impact of rainfall is
a function of its intensity’, while the HCM (TRB, 2000) recommends
the use of different free-ﬂow speed values for different weather
conditions. Considering the consistency of the results among past
studies (Kyte et al., 2001; Bennartz et al., 2002; Smith et al.,
2004; Agarwal et al., 2005; Maze et al., 2005; Hranac et al., 2006)
that examined this topic and adopted similar methodologies, the
intensities/categories of precipitation, snow and temperature are
established and listed in Table 2.
A data set was developed for each of the six areas, for each cat-
egory, as well as for the following time periods: AM (7:00–09:00),
INTER (12:00–14:00), and PM (16:00–18:00). Each of these periodsR² = 0.8156
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Fig. 2. Correlation coefﬁcient of precipitation data versus distance of weather
stations.lasts 2 h, so as to avoid high variations of travel times that would
result from longer periods within a day. Similar to previous re-
search work, the night period (18:00–07:00) was excluded from
the analysis (Smith et al., 2004). Afterwards, the percentage differ-
ence in total travel time (DTT) was calculated between base and
non-base conditions as follows:DTT ¼ TTT
Non-BaseCond:  TTTBaseCond:
TTTBaseCond:
 100% ð3Þwhere DTT = difference of total travel time (%) between base and
non-base conditions; TTTNon-BaseCond: = total travel time during non-
base conditions, and TTTBaseCond: = total travel time during base
conditions.Table 1
Description of selected travel links per weather station.
Station
ID
Area Donut Number
of links
Total
length
(km)
Avg.
length
(km)
695 Hampstead Inner 26 97.1 3.7
697 St. James Park Central 172 455.8 2.6
708 Heathrow Outer 16 64.2 4.0
709 Northolt Outer 9 68.9 7.6
723 Kew Gardens Outer 41 183.6 4.5
726 Kenley Airﬁeld Outer – – –
19144 London
Weather
Centre
Central 87 112.8 1.3
Total – – 361 982.4 2.7
Table 2
Categories examined per weather variable.
Precipitation (mm/h) Snow (mm/h) Temperature (C)
0–0.25 0–2.5 10–0
0.25–6.35 >2.5 <0
>6.35
Table 4
DTT for different intensities of snow.
Snow Time
period
Difference in total travel time (%)
(mm/
h)
697
Central
19144
Central
695
Inner
708
Outer
709
Outer
723
Outer
0–2.5 AM 5.54 6.03 6.88 6.39 6.21 7.12
(8) (6) (4) (6) (5) (7)
>2.5 8.23 7.82 9.14 9.21 10.45 8.93
(2) (4) (4) (3) (3) (2)
0–2.5 INTER 6.33 5.86 7.12 6.89 7.11 7.54
(5) (7) (6) (4) (4) (4)
>2.5 9.00 7.43 10.02 10.56 11.44 10.23
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TTTBaseCond: is checked at a 95% conﬁdence interval conducting Anal-
ysis of Variance (ANOVA) tests. The results of the study are pre-
sented in the following section.(4) (2) (2) (2) (4) (4)
0–2.5 PM 6.01 6.41 6.18 7.12 7.59 7.31
(6) (5) (7) (4) (5) (5)
>2.5 9.04 8.41 9.11 9.72 10.01 9.56
(3) (4) (2) (3) (3) (4)
Note: The numbers in parentheses denote the sample sizes expressed in hours and
the values in bold represent the statistical signiﬁcant DTTs at a 95% conﬁdence
interval.
Table 5
DTT for different temperatures.
Temperature
(C)
Time
period
Difference in total travel time (%)
697
Central
19144
Central
695
Inner
708
Outer
709
Outer
723
Outer
10–0 AM 1.15 0.43 0.80 1.01 0.84 0.82
(62) (61) (62) (64) (65) (63)
<0 1.54 0.41 0.22 0.91 1.54 1.02
(12) (13) (13) (10) (12) (10)
10–0 INTER 0.02 0.32 0.17 0.43 0.09 0.87
(67) (68) (69) (70) (68) (69)
<0 0.36 0.25 0.65 1.39 1.02 1.11
(10) (12) (9) (8) (11) (8)
10–0 PM 0.32 0.52 1.43 1.91 0.76 0.93
(65) (62) (61) (65) (65) (67)
<0 2.18 0.85 1.98 3.18 2.07 0.38
(12) (14) (14) (13) (14) (13)
Note: The numbers in parentheses denote the sample sizes expressed in hours and
the values in bold represent the statistical signiﬁcant DTTs at a 95% conﬁdence4. Results and discussion
Tables 3–5 present the DTT for the examined categories of pre-
cipitation, snow and temperature respectively. The DTT of the sta-
tistically different population means are indicated with bold
letters. It is worth noting that similar to previous research (Smith
et al., 2004), in cases of rare weather phenomena (i.e., heavy snow)
the sample sizes are small affecting the inherent variability of traf-
ﬁc data; thereby, the statistical signiﬁcance of the results. Finally, a
comparison of results with ﬁndings from other research works is
conducted in Section 4.4.
4.1. Rain
Several comparisons can be made from the following tables. It is
clearly shown in Table 3 that light rain has the smallest impact on
travel times in all six areas and time periods. The smallest increase
occurs in central London (Station ID 19144) for all time periods and
ranges from 0.12% to 0.35%. On the contrary, the highest DTTs are
observed in outer London. Station 708 yielded a DTT of 2.01% dur-
ing the morning peak, while station 723 resulted in the greatest
average delays; 2.07% and 2.11% during the INTER and the evening
period respectively.
Compared to light rain, moderate rain causes, on average, a
higher DTT that ranges between 1.45% and 3.81%. One similarity
between these two categories is that outer London experiencedTable 3
DTT for different intensities of rainfall.
Precipitation
(mm/h)
Time
period
Difference in total travel time (%)
697
Central
19144
Central
695
Inner
708
Outer
709
Outer
723
Outer
0–0.25 AM 0.63 0.35 1.44 2.01 1.94 1.31
(32) (31) (31) (33) (28) (30)
0.25–6.35 1.45 1.78 2.97 3.55 2.35 2.76
(28) (28) (26) (22) (23) (22)
>6.35 3.98 3.57 4.21 5.17 4.39 4.04
(20) (19) (22) (22) (21) (21)
0–0.25 INTER 0.32 0.15 1.94 1.85 1.02 2.07
(30) (29) (29) (28) (25) (26)
0.25–6.35 1.59 1.32 3.01 3.25 3.79 3.22
(28) (31) (32) (26) (30) (29)
>6.35 5.34 4.88 5.11 5.73 5.62 6.01
(25) (26) (20) (24) (15) (26)
0–0.25 PM 0.55 0.12 0.96 1.72 1.35 2.11
(23) (33) (20) (21) (24) (33)
0.25–6.35 1.98 2.03 2.68 3.81 2.66 3.16
(27) (28) (30) (28) (22) (32)
>6.35 4.28 3.75 5.02 5.31 5.25 4.93
(22) (20) (24) (24) (16) (15)
Note: The numbers in parentheses denote the sample sizes expressed in hours and
the values in bold represent the statistical signiﬁcant DTTs at a 95% conﬁdence
interval.
interval.the greatest DTTs (2.35–3.81%) on average, followed by inner
(2.68–3.01%) and then central London (1.45–2.03%). A potential
explanation behind this ﬁnding is that the areas examined in cen-
tral London primarily consist of urban short links (Table 1), whose
operational speeds are lower compared to the longer links in inner
or outer London. Consequently, the travel times are not affected to
the same extent. It is also worth noting that 12 out of 18 DTTs are
statistically signiﬁcant.
In accordance with prior research ﬁndings (Smith et al., 2004;
Maze et al., 2005), heavy rain has the most signiﬁcant effects on
travel times. Similar to the other two intensities, outer London
yielded the highest DTTs (4.04–6.01%), inner London slightly lower
(4.21–5.02%) and central London the smallest (3.98–5.34%). Fur-
thermore, 14 out of 18 travel times were found to be statistically
different from the corresponding TTTs under base conditions.
4.2. Snow
Table 4 presents the percentage difference in total travel time
caused by light and heavy snow. One can notice the small number
of the statistically signiﬁcant DTTs. This may be attributed to the
limited number of snow days during the examined period, which
yields small sample sizes. Nevertheless, the TTT increases are
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periods examined. Speciﬁcally, the percentage delays in TTT caused
by light snow span from 5.54% (central London) to 7.59% (outer
London).
Heavy snow consistently results in higher DTTs that range be-
tween 7.43% (central London) and 11.44% (outer London) conﬁrm-
ing the trends previously revealed. The fact that only four DTTs are
statistically signiﬁcant may be attributed to the small size of the
‘heavy snow’ data sets, in contrast to the eight signiﬁcant DTTs de-
rived from the larger data sets developed for light snow conditions.
4.3. Temperature
The signiﬁcant number of small negative DTT values, presented
in Table 5, indicates that temperature has a small impact on travel
times. Speciﬁcally, the ﬁrst category (0–10 C) yields DTTs that
span from 1.15% (central London, AM peak) to +1.43% (inner Lon-
don, PM peak). Seven DTT estimates are negative; nonetheless, the
inconsistency of the results over time and across regions, does not
allow for the drawing of explicit conclusions on the improvement
of travel times. On the contrary, the large data sets in combination
with the small number (speciﬁcally 4) of statistically signiﬁcant
estimates signify negligible effects on the road network
performance.
On average, cold temperatures (<0 C) cause higher percentage
delays; however, similar to the ﬁrst category, the results vary tem-
porally and geographically, while their contribution is not as pro-
nounced, since they are often accompanied with snowfall. The
DTTs range from 0.91% (outer London, AM period) to +3.18% (out-
er London, PM peak). Six cases exhibit lower travel times during
cold than higher temperatures, a fact which is contradictory to
the consistent results presented in Tables 3–5. All three signiﬁcant
values are positive and greater than 1%, suggesting that cold tem-
peratures may be associated with snow conditions that largely af-
fect travel times, as it was previously shown.
4.4. Comparison with other study results
Table 6 summarises the results of seven studies, produced for
different intensities of rain, snow, and temperature. One may no-
tice the variation in the reductions of the speeds across the studies,
which may be primarily attributed to different weather, trafﬁc, and
socioeconomic characteristics amongst the study areas. For exam-
ple, Kyte et al. (2001) and Smith et al. (2004) found similar speedTable 6
Algebraic and percentage changes in operating speeds from several studies.
Variable Range Categories derived
from HCM (2000)
Reduction in operating speeds
HCM
(2000)
Ibrahim and Hall
(1994)
Ky
(20
Mississauga,
Ontario (km/h)
Ida
(km
Rain (mm/h) 0–0.2 Light 2–14 0–13 9.5
0.2–6 Light 2–14 0–13 9.5
>6 Heavy 5–17 5–10 9.5
Snow (mm/h) 61 Light 8–10 0–8 16
1–2 Light 8–10 0–8 16
2–12 Light 8–10 0–8 16
>12 Heavy 30–40 38–60 16
Temperature
(C)
1–10 N/A N/A N/A N/
0 to
(20)
N/A N/A N/A N/
<20 N/A N/A N/A N/
N/A: Not Available.reductions for different intensities of rain and snow. This ﬁnding
is contradictory to the results of the majority of the studies, which
suggest that ‘intensity matters’ (Agarwal et al., 2005; Maze et al.,
2005; Wang et al., 2006).
In accordance with most of the studies (Ibrahim and Hall, 1994;
Martin et al., 2000; Kyte et al., 2001; Agarwal et al., 2005; Maze
et al., 2005; Hranac et al., 2006; Unrau and Andrey, 2006; Wang
et al., 2006; Sabir et al., 2008), light rain has the smallest impact
on travel times (reduction of 0.1–3.8%). Heavy rain causes greater
delays, which are generally lower than those described in HCM,
but close in range than those reported by Agarwal et al. (2005)
and Maze et al. (2005). These two studies report similar speed
reductions due to light snow, but greater delays in case of heavy
snow. On the contrary, the speed decreases estimated by Hranac
et al. (2006) due to heavy snow (5–19%) are only slightly higher
than those caused by light snow (5–16%). Note that the wide
ranges reported by Hranac et al. derive from the examination of
three areas that experience completely different annual snow pre-
cipitation, thus it is very likely that the drivers’ behaviour differs on
snowed pavement. These ﬁndings need to be further investigated,
because adverse weather conditions are expected to cause sub-
stantial delays in cities where travellers are not used to driving un-
der snow conditions (e.g. London). On the contrary, snowfall may
discourage road users from travelling, decreasing trafﬁc demand.
A combined examination of trafﬁc volume with travel time data
is necessary to uncover more trends behind this ﬁnding.
Similar to other studies, temperature has nearly a negligible im-
pact on vehicle speeds (Agarwal et al., 2005; Sabir et al., 2008;
Koetse and Rietveld, 2009), as opposed to cyclists, who highly de-
pend on it (Koetse and Rietveld, 2007). Cold temperatures yield
small increases in travel times; nonetheless, their contribution is
not as pronounced, since they are often accompanied with snow-
fall. Future research that distinguishes cold temperatures from
snow conditions may provide more insights into this topic.
The decreases in travel times of this study are generally lower
than the corresponding values reported by HCM (TRB, 2000) and
some of the studies. This may be attributed to several reasons.
First, by the large number of urban links examined that are associ-
ated with lower operational speeds, as opposed to those of Amer-
ican or Canadian rural freeways and expressways. A second
explanation is that the majority of the other studies estimate
time-mean-speeds (derived from loop-detector data) that are al-
ways lower than the more accurate space-mean speeds, on which
this analysis is based. A third explanation may stem from thete et al.
01)
Smith et al.
(2004)
Agarwal et al.
(2005)
Maze et al.
(2005)
This Study
(2010)
ho
/h)
Hampton Roads,
Virginia (%)
Twin Cities,
Minnesota (%)
I-35, Northern
Iowa (%)
London,
UK (%)
3–5 1–2.5 2 0.1–2.1
3–5 2–5 4 1.3–3.8
3–5 4–7 6 3.6–6
.4 N/A 3–5 4 5.5–7.6
.4 N/A 7–9 8 5.5–7.6
.4 N/A 8–10 9 7.4–11.4
.4 N/A 11–15 13 7.4–11.4
A N/A 1–1.5 1 1.2 to 1.9
A N/A 1–2 1 0.9 to 3.2
A N/A 0–3.6 2 0.9 to 3.2
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links within outer London yield higher travel time decreases than
inner London, and even greater than the shortest links in central
London. In other words, short in length urban links are expected
to have lower operating speeds than rural roads or urban freeways,
consequently, to experience shorter travel time delays. Based upon
the previous statement, the results are comparable with those gen-
erated by Agarwal et al. (2005), who used data from a metro region
around the Twin Cities. Additionally, they are of similar range with
those of Wang et al. (2006), who also examined a signalised urban
area in Japan resulting in an average speed decline of 6.03 km/h
during heavy rain.
5. Conclusions
Given the lack of detailed guidance on the quantiﬁcation of
speed decreases due to different categories of weather variables,
the results of this study may be used to better understand how dif-
ferent intensities of rain, snow, and temperature levels affect mac-
roscopic travel times in the transport network of London. The most
important ﬁnding of the current study is that the impact of rain and
snow is a function of their intensity. Speciﬁcally, the ranges of the
total travel time increase due to light, moderate and heavy rain
are 0.1–2.1%, 1.5–3.8% and 4.0–6.0% respectively. Light snow results
in travel time increases of 5.5–7.6%, whilst heavy snow causes the
highest percentage delays spanning from 7.4% to 11.4%. Tempera-
ture has nearly negligible effects on travel times. It was also found
that the longer links within outer London generally yield higher tra-
vel time decreases than those in inner London, and even greater
than the shortest links in central London. From the comparison of
the results with those of past studies it can be concluded that the
weather effects on speeds and travel times vary considerably,
depending on the target area, geometric, trafﬁc and drivers’ charac-
teristics, socioeconomic factors, the roadway functional class, the
season of the year and the climate of the examined region.
This research provides planners with additional information,
presently not available in the Highway Capacity Manual (TRB,
2000) that can be used in trafﬁc management to modify planning
decisions and improve the transportation system control on a net-
work scale under different weather conditions. A macroscopic
analysis that combines travel time, trafﬁc ﬂow, and density data
is currently undertaken, aiming to explore the relationships of
these parameters, overcome limitations, and address questions ar-
ose herein. Furthermore, there is a need to use larger data sets in
cases of rare weather phenomena, in order to minimise potential
effects of the inherent variability of trafﬁc data. Continued research
is also needed to replicate this study in other areas that exhibit dif-
ferent characteristics, in order to determine whether the weather
effects are region-speciﬁc.
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